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Abstract: An efficient coupling reaction of epoxides with CO2 affording cyclic carbonates 
with the use of 2,2',2"-terpyridine as catalyst under solvent-free conditions has been developed. 
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1. Introduction 

The coupling reaction of epoxides with CO2 is an atom-economic and well-known process for the 
synthesis of five-membered cyclic carbonates (Scheme 1), which have been widely applied as the 
aprotic polar solvents [1], electrolytes for lithium ion batteries [2], precursors for organic synthesis [3], 
and polymers [4]. Therefore, a variety of catalytic systems have been reported to catalyze this 
transformation including alkali metal compounds [5-7], ionic liquids [8-10], transition metal 
complexes [11-15], and heterogeneous catalysts [16-19]. 

On the other hand, recently, the catalytic reactions based on the use of small organic molecules as 
catalysts have been greatly developed with the significant advantages of metal-free procedure, lack of 
sensitivity to moisture and oxygen, affordability, low cost and low toxicity [20,21]. Recently, the 
reaction between amine and CO2 is considered to be one of the methods for the storage of CO2 [22], 
and it has been also disclosed that the quaternary ammonium salts [23] and amines [24] are the 
efficient catalysts for the reaction of epoxides with CO2 to give cyclic carbonates. In addition, our 
previous work revealed that ^A^-dimethylformamide (DMF) could catalyze the same reaction 
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efficiently [25]. In continuation of our interest in developing efficient catalytic systems using simple 
and cheap organic compounds as catalysts in the coupling reaction of epoxides with C0 2 , we therefore 
have investigated the catalytic activity of nitrogen-containing organic compounds such as amines, 
anilines, amides and pyridines, and found that 2,2',2"-terpyridine is an excellent organocatalyst to 
provide an alternative metal-free catalytic system for the conversion of CO2 to cyclic carbonates. 

Scheme 1. Synthesis of cyclic carbonates from epoxides and CO2. 
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2. Results and Discussion 



Table 1 concludes the catalytic activity of a variety of nitrogen-containing organic compounds in 
the coupling reaction of l-chloro-2,3-epoxypropane (la) with CO2 (3.0 MPa of initial pressure) in 
an autoclave in the presence of 10 mol % of organocatalysts at 130 °C for 20 h under solvent- free 
conditions. In general, all the used nitrogen-containing compounds showed the catalytic activity to 
promote the coupling reaction to give the desirable product of 4-cholromethyl-[l,3]dioxolan-2-one (2a) in 
fair to good yields. As was observed for the formation of 2a, trialkyl tertiary amines of Et3N and BU3N 
showed modest catalytic activity to give 2a in 48% and 53% yields, respectively (entries 1,2). Although 
TEMED (AWA^N'-tetramethylethylenediamine), DBU (l,8-diazabicyclo[5.4.0]-undec-7-ene) and 
DABCO (l,4-diazabicyclo[2.2.2]octane) contains two nitrogen atoms, they displayed the considerable 
different catalytic activities, and DABCO showed higher catalytic activity due possible to its higher 
nucleophilicity resulting from the alkyl groups not to disturb the lone pairs (entries 3,4 vs. entry 5). In 
addition, TBD (l,5,7-Triazabicyclo[4.4.0]dec-5-ene), which has three different nitrogen atoms showed 
moderate catalytic activity to give 2a in 56% yield (entry 6). In the cases of anilines, the catalytic 
activity was enhanced by increasing the number of methyl groups to nitrogen atom (entries 7-9). 
However, unexpectedly, benzamide, Af-dimethylbenzamide and 2,3,4,5,6-pentafluorobenzamide had 
similar catalytic activities to catalyze the coupling reaction to give 2a in good yields (entries 10-12). 
When six-membered iV-fieterocyclic compounds such as pyridine, 2-methylpyridine and 
2-(dimethylamino)pyridine were used, 2a could be obtained in modest to good yields (entries 13-15). 
2-Phenylpyrimidine with two nitrogen atoms catalyzed the reaction to afford 2a in 79% yield 
(entry 16), and the best yield in product 2a was obtained in the presence of 2,2',2"-terpyridine 
(entry 17). The reason that 2,2',2"-terpyridine had high catalytic activity might be resulted from its 
unique structure and synergy effects of three pyridyl groups bonded by position 2. 

In addition, in order to optimize the catalytic system using 2,2',2"-terpyridine as catalyst, the effect 
of reaction temperature, catalyst dosage, reaction time and pressure of CO2 were also investigated. As 
shown in Table 2, the formation of 2a was greatly affected by reaction temperature, and when the 
reaction was performed at 110 °C, the yield of 2a was greatly decreased to 72% (entry 1). However, 
at 130 °C, 2a could be obtained in similar yields by either using less amount of catalyst (5.0 mol % 
(entry 2) or 1.0 mol % (entry 3) vs. entry 16 of Table 1), or decreasing the reaction time from 20 to 10 h 
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(entry 5), although further decreasing the catalyst dosage (0.5 mol % of catalyst, entry 4) and the 
reaction time (entry 6) or decreasing the pressure of C0 2 resulted in the decrease of product yield 
(entry 7). In addition, increase of C0 2 pressure could not improve the yield of 2a (entry 8). Therefore, 
the reaction conditions indicated in entry 5 of Table 2 are selected as the optimized conditions for the 
reactions of a variety of epoxides with CO2. 

To examine the substrate scope of the present catalytic system, several representative epoxides 
were subjected to the optimized reaction conditions as shown in Scheme 2, and found that the 
monoalkyl- and monoaryl-substituted epoxides could undergo the coupling reaction with C0 2 giving 
the corresponding cyclic carbonates in good to high yields. It is worth noting that vinyl-substituted 
epoxide underwent the reaction smoothly to give the vinyl cyclic carbonate, which is expected to be a 
useful monomer for synthesis of functional polymer. However, unfortunately, the internal epoxide 
such as 2,3-epoxybutane and 1 ,2-epoxycyclohexane showed very low reactivity due possible to their 
steric hindrance. 

Table 1. Catalytic activity of nitrogen-containing compounds in the coupling of 
l-chloro-2,3-epoxypropane (la) with C0 2 under solvent- free conditions a . 
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a , The reactions were carried out using 5.0 mmol of la and 10 mol % of catalyst in a 25-mL autoclave with 
C0 2 at 130 °C for 20 h; b , Yields of 2a are based on GC by using «-Ci 8 H 38 as internal standard. 



The proposed mechanism for the coupling reaction of epoxides with C0 2 to produce cyclic 
carbonates catalyzed by 2,2',2"-terpyridine is shown in Scheme 3. It involves the nucleophilic addition 
of nitrogen atom(s) of 2,2',2"-terpyridine to C0 2 , and the ring-opening reaction of epoxide with 
nucleophilic intermediate via C-0 bond cleavage, followed by intramolecular nucleophilic addition to 
construct the five-membered ring, and finally, to give cyclic carbonate and regenerate catalyst. All the 
steps are the traditional and well-known transformation. 
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Table 2. Effect of reaction conditions on the formation of 4-cholromethyl-[l,3]dioxolan- 
2-one (2a) using 2,2',2"-terpyridine as catalyst a . 



Entry 


Temp (°C) 


Catalyst (mol %) 


Time (h) 


Pressure (MPa) 


Yield (%) b 


1 
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3.0 
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8 
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a , The reactions were carried out using 5.0 mmol of la in a 25-mL autoclave with C0 2 ; b , Yields of 2a are 
based on GC by using «-Ci 8 H 38 as internal standard. 

Scheme 2. Coupling reaction of epoxides with CO2 in the presence of 2,2',2"-terpyridine a . 
a Reactions were carried out using 5.0 mmol of 1 and the yield of 2 is isolated yields. 
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3. Experimental Section 

3.1. General Methods 

All organic starting materials and organocatalysts are analytically pure and used without further 
purification. Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL ECA-300 
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spectrometer (Tokyo, Japan) using CDC1 3 as solvent at 298 K. ! H-NMR (300 MHz) chemical shifts (8) 
were referenced to internal standard TMS (for 1 H, 5 = 0.00 ppm). 13 C-NMR (75 MHz) chemical shifts 
were referenced to internal solvent CDC1 3 (for C, 8 = 77.16 ppm). Mass spectra (MS) were obtained 
on a Shimadzu GCMS-QP2010S (Shimadzu, Tokyo, Japan). 

3.2. A Typical Experiment for the Synthesis of 4-Chloromethyl-[l,3]dioxolan-2-one (2a) 

l-Chloro-2,3-epoxypropane (la) (462.6 mg, 5.0 mmol) and 2,2',2"-terpyridine (0.05 mmol, 
1 .0 mol %) were charged in a 25 mL-autoclave, and then CO2 was introduced at an initial pressure of 
3.0 MPa at room temperature, and the mixture was heated at 130 °C with stirring for 10 h. After the 
reaction, the autoclave was cooled to room temperature, C0 2 was released slowly. To the obtained 
reaction mixture, 1.0 mmol of octadecane (as an internal standard material for GC analysis) and 
4.0 mL of CH2CI2 were added with stirring, and then the resulting mixture was analyzed by GC and 
GC-MS. 2a was obtained in 90% yield (614.4 mg, 4.5 mmol) by Kugelrohr distillation. 2a-c was 
isolated by Kugelrohr distillation, and 2d-f were purified by flash column chromatography on silica 
gel with petroleum ether as eluent. 

1 13 

All the products (2a-f) were known compounds and identified by their H-NMR, C-NMR and 
GC-MS. As exampled, the characterization data of 2a is reported as follow: ! H-NMR (300 MHz, 
CDCI3) 8 4.95-5.02 (m, 1H), 4.58 (dd, 1H, J= 8.7, 8.2 Hz), 4.39 (dd, 1H, J= 8.7, 5.8 Hz), 3.79-3.73 
(m, 2H); 13 C-NMR (75 MHz, CDCI3) 8 154.4, 74.4, 67.1, 44.0; GCMS m/z (% rel. intensity) 
136 (M + , 0.5), 87 (100), 62 (14), 57 (9), 49 (13). 

4. Conclusions 

In summary, 2,2',2"-terpyridine was proven to be an efficient organocatalyst for the coupling 
reaction of epoxides with CO2 to afford cyclic carbonates under solvent-free and metal-free conditions. 
The present process represents a simple and green catalytic system for the activation and conversion of 
CO2 into valuable organic compounds. 

Acknowledgments 

This project was supported by the National Basic Research Program of China (973 Program, 
201 1CB20 1405), and National Natural Science Foundation of China (21032004). 

Author Contributions 

Both of co-authors did the research work including optimizing the reaction conditions and 
examining the substrate scope. 

Conflicts of Interest 

The authors declare no conflict of interest. 



Int. J. Mol. Sci. 2014, 15 



9950 



References 

1. Bayardon, J.; Holz, J.; Schaffner, B.; Andrushko, V.; Verevkin, S.; Preetz, A.; Borner, A. 
Propylene carbonate as a solvent for asymmetric hydrogenations. Angew. Chem. 2007, 46, 
5971-5974. 

2. Tsuda, T.; Kondo, K.; Tomioka, T.; Takahashi, Y.; Matsumoto, H.; Kuwabata, S.; Hussey, C.L. 
Design, synthesis, and electrochemistry of room-temperature ionic liquids functionalized with 
propylene carbonate. Angew. Chem. 2011, 50, 1310-1313. 

3. Shaikh, A.A.G.; Sivaram, S. Organic carbonates. Chem. Rev. 1996, 96, 951-976. 

4. Lu, X.B.; Darensbourg, D.J. Cobalt catalysts for the coupling of CO2 and epoxides to provide 
polycarbonates and cyclic carbonates. Chem. Soc. Rev. 2012, 41, 1462-1484. 

5. Darensbourg, D.J.; Wildeson, J.R.; Yarbrough, J.C.; Reibenspies, J.H. Bis 2,6-difluorophenoxide 
dimeric complexes of zinc and cadmium and their phosphine adducts: Lessons learned relative to 
carbon dioxide/cyclohexene oxide alternating copolymerization processes catalyzed by zinc 
phenoxides. J. Am. Chem. Soc. 2000, 122, 12487-12496. 

6. Allen, S.D.; Moore, D.R.; Lobkovsky, E.B.; Coates, G.W. High-activity, single-site catalysts for 
the alternating copolymerization of CO2 and propylene oxide. J. Am. Chem. Soc. 2002, 124, 
14284-14285. 

7. Huang, J.W.; Shi, M. Chemical fixation of carbon dioxide by NaI/PPh 3 /PhOH. J. Org. Chem. 
2003, 68, 6705-6709. 

8. Peng, J.; Deng, Y. Cycloaddition of carbon dioxide to propylene oxide catalyzed by ionic liquids. 
New J. Chem. 2001, 25, 639-641. 

9. Calo, V.; Nacci, A.; Monopoli, A.; Fanizzi, A. Cyclic carbonate formation from carbon dioxide 
and oxiranes in tetrabutylammonium halides as solvents and catalysts. Org. Lett. 2002, 4, 
2561-2563. 

10. Kawanami, H.; Sasaki, A.; Matsui, K.; Ikushima, Y. A rapid and effective synthesis of propylene 
carbonate using a supercritical C0 2 -ionic liquid system. Chem. Commun. 2003, 896-897. 

11. Li, F.; Xia, C; Xu, L.; Sun, W.; Chen, G. A novel and effective Ni complex catalyst system for 
the coupling reactions of carbon dioxide and epoxides. Chem. Commun. 2003, 2042-2043. 

12. Shen, Y.M.; Duan, W.L.; Shi, M. Chemical fixation of carbon dioxide catalyzed by 
binaphthyldiamino Zn, Cu, and Co salen-type complexes. J. Org. Chem. 2003, 68, 1559-1562. 

13. Yoshida, M.; Ihara, M. Novel methodologies for the synthesis of cyclic carbonates. Chem. Eur. J. 
2004, 10, 2886-2891. 

14. Jiang, J.L.; Gao, F.; Hua, R.; Qiu, X. Re(CO) 5 Br-catalyzed coupling of epoxides with C0 2 
affording cyclic carbonates under solvent-free conditions. J. Org. Chem. 2005, 70, 381-384. 

15. Decortes, A.; Castilla, A.M.; Kleij, A.W. Salen-complex-mediated formation of cyclic carbonates 
by cycloaddition of C0 2 to epoxides. Angew. Chem. 2010, 49, 9829-9837. 

16. Du, Y.; Wang, J.Q.; Chen, J.Y.; Cai, F.; Tian, J.S.; Kong, D.L.; He, L.N. A polyethylene glycol)- 
supported quaternary ammonium salt for highly efficient and environmentally friendly chemical 
fixation of C0 2 with epoxides under supercritical conditions. Tetrahedron Lett. 2006, 47, 1271-1275. 



Int. J. Mol. Sci. 2014, 15 



9951 



17. Dou, X.Y.; Wang, J.Q.; Du, Y.; Wang, E.; He, L.N. Guanidium salt functionalized PEG: An 
effective and recyclable homogeneous catalyst for the synthesis of cyclic carbonates from CO2 
and epoxides under solvent-free conditions. Synlett 2007, 2007, 3058-3062. 

18. Xie, Y.; Zhang, Z.; Jiang, T.; He, J.; Han, B.; Wu, T.; Ding, K. CO2 cycloaddition reactions 
catalyzed by an ionic liquid grafted onto a highly cross-linked polymer matrix. Angew. Chem. 
2007, 46, 7255-7258. 

19. Dai, W.L.; Chen, L.; Yin, S.F.; Li, W.-H.; Zhang, Y.Y.; Luo, S.L.; Au, C.T. High-efficiency 
synthesis of cyclic carbonates from epoxides and C0 2 over hydroxyl ionic liquid catalyst grafted 
onto cross-linked polymer. Catal. Lett. 2010, 137, 74-80. 

20. Bertelsen, S.; Jorgensen, K. A. Organocatalysis — After the gold rush. Chem. Soc. Rev. 2009, 38, 
2178-2189. 

21. Aleman, J.; Cabrera, S. Applications of asymmetric organocatalysis in medicinal chemistry. 
Chem. Soc. Rev. 2013, 42, 774-793. 

22. Aoyagi, N.; Furusho, Y.; Sei, Y.; Endo, T. Fast equilibrium of zwitterionic adduct formation in 
reversible fixationprelease system of C0 2 by amidines under dry conditions. Tetrahedron 2013, 
69, 5476-5480 and references cited therein. 

23. Wang, J.Q.; Dong, K.; Cheng, W.G.; Sun, J.; Zhang, S.J. Insights into quaternary ammonium 
salts-catalyzed fixation carbon dioxide with epoxides. Catal. Sci. Technol. 2012, 2, 1480-1484 
and references cited therein. 

24. Yu, K.M.K.; Curcic, I.; Gabriel, J.; Morganstewart, H.; Tsang, S.C. Catalytic coupling of CO2 
with epoxide over supported and unsupported amines. J. Phys. Chem. A 2010, 114, 3863-3872. 

25. Jiang, J.L.; Hua, R. Efficient DMF-catalyzed coupling of epoxides with CO2 under solvent-free 
conditions to afford cyclic carbonates. Synth. Commun. 2006, 36, 3141-3148. 



© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



